The copper complexes of bis [2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine (1) and its benzylated derivative (2) have been studied as single crystals by X-ray crystallography and as powders and solutions by a variety of techniques.
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The copper complexes of bis [2-(3,5-dimethyl-l-pyrazolyl) ethyl]amine (1) and its benzylated derivative (2) have been studied as single crystals by X-ray crystallography and as powders and solutions by a variety of techniques.
[Cu(l)*2 N Û 3] (C 14H 25CUN7O 7 including 1 H 2O, 3) crystallized in the monoclinic space group Pc (No. 7) with a 3, 4, and 6 , the ligand coordinated Cu(II) with a T-shaped arrangement of the nitrogen donor atoms. Ethanol coordinated in one of the apical positions in complexes 4 and 6. The amine nitrogen moved from the basal plane in 3 to the apical position in 5, where the copper had square pyramidal coordination geometry. The largest difference between 4 and 6 was a lengthening of 0.1 Â in the bond between the Cu(II) and the amine nitrogen. Conductivity measurements revealed that the nitrate complexes behave as 1:1 electrolytes in acetonitrile solution, whereas the perchlorate complexes behaved as 2:1 electrolytes. The half-wave potentials, measured in acetonitrile by cyclic voltammetry, were -0.01, +0.15, +0.10, and + 0.28 V for 3-6, respectively. The high redox potentials of the copper(II) bis(pyrazole) complexes, in particular for complex 6 , are explained by the fact that the Cu(II) complexes have the correct ligand geometry for the stabilization of Cu(I). duction e elucidation of the mechanisms2-4 by which the dicopper loprotein hemocyanin5 binds dioxygen continues to be a c of great interest.6-8 Model compounds mimicking the n of hemocyanin and related metalloproteins have been ed and synthesized by several groups.9-11 Karlin and orkers have shown that Cu(I) bis(pyridine) complexes are tive dioxygen binders.12,13 Sorrell and co-workers on the uthor to whom correspondence should be addressed, sent address: Department of Chemistry. other hand have presented evidence that the related copper(I) bis(pyrazole) complexes do not bind dioxygen. 14 More detailed insight in the factors regulating the properties of these types of complexes is therefore required. (C104)2*6 H: 0 to yield 4 metal complexes (3-6; see Chart 1) that display different geometries around the copper ion and different redox behavior. The factors that regulate these effects are discussed.
E x p erim en tal Section
Warning! Although we have experienced no difficulties with the perchlorate salts described, these compounds should be regarded as potentially explosive and handled accordingly.16 M a teria ls. All chemicals were obtained commercially. Solvents were dried and distilled prior to use. Diethyl ether was distilled from sodium; dichloromethane and acetonitrile were distilled from calcium hydride. Dimethylformamide (DMF) was stored over 4 A molecular sieves and distilled at reduced pressure. Acetonitrile used in the electrochemical measurements was deoxygenated by three repetitive freeze-pump-thaw cycles. Cu(C104)2* 6H20 was purchased from Janssen Chimica and CuiNO.Oz^H^O was obtained from Merck. TLC analysis was performed on Merck precoated silica gel 60 F-254 plates. P r ep a ra tio n o f the L ig a n d s. B is[2 -(3 ,5 -d im e th y l-l-p y r a z o Iy l)-e th y lja m in e (1). Under a dinitrogen atmosphere 7.36 g (73.6 mmol) of 3,5-dimethylpyrazole was slowly added to a suspension of 4.6 g (115 mmol) of 60% sodium hydride in 70 mL of dry DMF at room temperature. After hydrogen evolution had ceased, the mixture was wanned to 70 °C and stirred for 2 h. Subsequently, 6.84 g (38.2 mmol) of bis(2-chloroethvI)amine hydrochloride was added to the solution and the mixture was stirred overnight producing a cream white dispersion.
After filtration of the precipitated NaCl, the solvent was evaporated in vacuo. The resulting oil was dissolved in 50 mL of CHCI3, washed with saturated aqueous.sodium chloride (3 x 50 mL), and dried over MgSOj. Flash chromatography (silica 60H eluent 5% methanol in chloroform (v/v)) yielded 6.3 g (63%) of a yellow oil, which crystallized upon standing. Mp Cl: gas). IR (KBr, c m 1): 3301 (NH), 2925 (CH2). 'H NMR (ty MHz, CDCh, 298 K): < 5 2.2 (s. 6 H, CH>), 2.3 (s, 6 H, Clh). 3.0 (t, 4H NC//2CH2), 4.0 (t, 4H, NCH:C//2-pyrazole), 5.8 (s, 2H, pyrazole-ft) MS (Cl): m/z = 262 (M+ + 1, 65%), 165 (55%), 152 (100%). Anal Calcd for C,4H2.iNs*0 .44CHClv C, 55.25; H. 7.53; N, 22.31. Found C, 55.79; H, 7.62; N, ethyl]amine (2). To a solu tion containing 1.46 g (5.6 mmol) of 1 in 15 mL of acetone was added 958 mg (5.6 mmol) of benzyl bromide and 700 mg (5.15 mmol) of triethylamine. The reaction mixture was refluxed for 3 h. The solvent was evaporated in vacuo, and the resulting oil was dissolved in 40 ml of dichloromethane, washed 2 times with 30 mL of brine, and dried (Na2S0 4). After filtration, the dichloromethane was evaporated and the resulting oil was purified by column chromatography (silica 60H, eluent 5% MeOH in CHCI3 (v/v)). Yield: 1.93 g (98%) of 2 as an oil. R/ (TLC, eluent 5% MeOH in CH2CI2 (v/v) [Cu( DClO^CzHsOHlClOa (4). To a solution of 80 tug (0.306 mmol) of 1 in 2 mL of ethanol was added 1 1.4 mg (0.306 mmol) of Cu(C104)2* 6 H2 0 . The solution turned green immediately and w as refluxed for 1 h. The solvent was evaporated in vacuo, and the product was recrystallized from ethanol/ether to yield 70 mg (40%) of 4 as dark green crystals. Mp = 220 °C. Anal. Calcd for Cu-H23CUN5CI2O8C 2H5OH: C, 33.72: H, 5.13: N, 12.29. Found: C. 32.99: H, 5.16: N, m/z = 423 (1 + Cu + C104). IR (acetonitrile, cm-1): 1 102 (free CIO4" ). UV-vis (acetonitrile) [A n J nm («r/M-'-cm-')]: 226.5 (15 800), 272.0 (1960), 324.3 (shoulder,620), 685.7 (60) .
[Cu(2 )*2N0 3 l (5). To a solution of 253 mg (0.72 mmol) ol 2 dissolved in 2 mL of ethanol was added while stirring a solution of' mL of ethanol containing 174 mg (0.72 mmol) of Cu(N0 3 )2*3H:0 . Tftf reaction mixture immediately developed a dark blue-green color. A fter I.5 h the solvent was evaporated in vacuo. The resulting blue-green powder was recrystallized from hot ethanol. Mp = 160 °C. Anal Calcd for C2iH29N70 (, Cu: C, 46.79: H, 5.42; N, 18.19. Found: C . 46.27; H, 5.64; N, 17.09 . FAB-MS: m/z = 476 (2 + Cu + NO?). (acetonitrile, cm-1): 1341 (free N0 3 -), 1291 (coord. N0 3 -). U V -vis (acetonitrile) [Amax/nm (e/M_l*cm" 1)]: 225.5 (13 700), 297.6 (21W1 -688.7 (30) .
[Cu(2 )-C2H50 H-YKCI0 4 ),I (6) (Y = H20 , with n = 2, and CIO4 with n = 1). Ligand 2 (241.5 mg, 0.69 mmol) was dissolved in -n1^ of ethanol. To this solution was added dropwise while stirring a solution of 254.9 mg (0.69 mmol) of Cu(C104)2* 6 H20 in 2 vnlƒ ethanol. The reaction mixture turned dark green immediately. AUer the solution was stirred for 1.5 h, the solvent was evaporated in W 1 1 1 Complex 6 was recrystallized from hot ethanol. Mp = 109 °C. AndCalcd for dried complex 6 , C2,H2.)N5Cl208Cu-2H20: C, 38.75: H. 5:6' N, 10.76. Found: C, 38.87; H, 5.21 Physical Measurements. UV-vis spectra were recorded on Perkin-Elmer Lambda 5 spectrophotometer. 'H and l3C NMR spectri were recorded on a Bruker WH90 or a Bruker WM-400 instrunien1 - Inorganic Chemistry, Vol. 34, No. 19, 1995 Collection and Reduction of the X-ray Diffraction Data for implex 3. Standard experimental and computational details for the Procedure followed for the structure elucidation of complex 3 are given tawhere.18 Unit cell dimensions were determined from 25 reflections 'i'll 16° < 6 < 20°. Intensity data were collected for 12 207 reflections '^Ifa sphere up to 6 = 30°, 26 range 2-60°). The instrumental drift Section factors were between 1.001 and 1.082. The empirical Sorption correction factors (EMPABS) 19 were in the range 0.961 -lfj70. After preliminary refinement (to R = 0.093) an additional semi-4:ipirical absorption correction (DIFABS)20 was applied with factors r:n §ing from 0.734 to 1.125. Averaging of symmetry equivalent Pactions gives 6110 unique reflections (/?m erge = 0.043 on F0 values), hematic extinctions are hOI, I = 2n + /, and possibly OkO, k = 2n ^although six of these reflections had intensities with / = 4o(I).
structure of 3 was originally solved in the centrosymmetric space H°up p2,/c using automated vector search methods: a fragment of Pyrazole ring plus a Cu atom bound to it was oriented by ORIENT21 Positioned by TRACOR22 and automatically expanded by DIRDIF. with F > 4a). All atoms of the complex were well determined except one nitrate which seemed to be disordered. Inspection of the disorder revealed the possibility of an ordered structure in the noncentrosymmetric space group Pc, with two molecules in the asymmetric unit (including two nitrates and two water molecules). This structure could be refined properly by SHELXL.24a The hydrogen atoms were fixed at calculated positions (for CH^ groups C-H = 0.96 A; for CH2 groups C -H = 0.97 A, for aromatic C C-H = 0.93 A, N-H = 0.91 A)
except for the methyl hydrogen atoms. The hydrogen atoms of the methyl groups were obtained by rotation of an idealized methyl group to match maximum electron density in the difference map. The hydrogen atoms of the water molecules could not be found in a difference Fourier map and were not included in the least squares refinement. The other hydrogen atoms were refined riding on the parent atoms. The hydrogen bonds of the idealized methyl groups were refined by refinement of the torsion angle around the concerned C-C bonds. Isotropic temperature factors for the hydrogen atoms were set to 1.2 times or for methyl hydrogen atoms to 1.5 times the equivalent isotropic temperature factor of the parent atoms. 
Results

X-ray Structures. Dinitrato{bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine}copper(II) (3).
Crystallographic data are given in Table 1 , selected bond lengths and angles are presented in Table 2 , and the positional parameters are in Table 3 . The crystal structure contains two symmetrically independent com plexes (denoted 3a,b), which are very similar. The most important difference between the two complexes is the coor dination of a nitrate group in 3a, whereas a water molecule occupies this position in 3b. The two complexes 3a without the nitrate and 3b without the water are related by a pseudo center of symmetry (largest deviation between corresponding atoms, 0.27 A; root-mean-square deviation of the 24 non hydrogen atoms, 0.11 A). Both complexes (see Figure la, Distances for 3a
Angles for 3a
that of a distorted trigonal bipyramid and an octahedron. The basal plane is formed by the nitrogen atoms of the two pyrazole units and the amine nitrogen. These atoms make a T-shaped arrangement around the metal ion, a situation more often encountered with pyrazole32 and the related pyridine33-34 ligands when the metal is in the 1+ oxidation state. The copper to pyrazole (N) distances (A) are C u ( l) -N (l) 1.971(6) and Cu- Figure 2 . Crystal data and details of the structure determinatio' are given in Table 1 , selected bond lengths and angles presented in Table 4 , and positional parameters are in Table ^ As can be seen from Figure 2 , the copper ion in complex 4 11 four coordinated by three nitrogen atoms (N (l), N(3), and N(5)l from ligand 1 and an ethanol oxygen atom (0(1)). The pyrazo* 
Copper(II) Bis(pyrazole) Complexes
Inorganic Chemistry, Vol. 34, No. 19, 1995 Cl 4P C120 Figure 1 . (a) X-ray structure of complex 3a. The ORTEP plot is at the 50% probability level, (b) X-ray structure of complex 3b. The ORTEP plot is at the 50% probability level. Figure 3 . ORTEP' 1 plot of the X-ray structure of complex 5 at the 30% probability level.
Dinitrato{benzylbis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]-amine}copper(II) (5).
The structure of this complex is shown in Figure 3 . The crystallographic details are given in Table 1 , the selected bond lengths and angles in Table 6 , and the positional parameters in Table 7 . In complex 5 the copper ion is five coordinated by three nitrogen donors from the ligand and two oxygen atoms from the nitrate counterions. The geometry is best described as a square pyramid with a trigonal bipyramidal distortion. The distortion from an idealized trigonal bipyramid toward a square pyramid was calculated to be 83.1%. (6a,b) , which are present in the unit cell id a 1 to 1 ratio, and are presented in Figure 4 . The cryst lographic data are given in Table 1 . The selected bond lengt^ and angles are presented in Table 8 , and the position parameters in Table 9 ; the coordinates for noncoordinatin?
• # h g I perchlorate ions and ethanol molecules are given in
Inorganic Chemistry, Vol. 34, No. 19, 1995 4741 Comparison of the Structures. When complexes 3 and 5 are compared, the most striking difference is the change in arrangement of the ligands around the metal center that has occurred upon benzylation of the central amine nitrogen.35 In 3 the basal plane is composed of three N-donors, whereas in 5 this plane is formed by two N-donors and two oxygen atoms. The amino nitrogen N(3) in 5 has moved out of the basal plane to occupy an apical position. Its place is taken over by a nitrato group that occupied one of the apical sites before benzylation. The relative positions of the pyrazole units with respect to the metal center have also changed. In 3 they are almost in a trans configuration, whereas in 5 they are cis positioned. Apart from the different spatial arrangement of the ligands and anions around the copper center, changes have also taken place in the coordination distances. W hen the amine nitrogen N(3) moves out of the basal plane to occupy an apical position the N(3) to Cu distance changes from 2.032(3) A in 3 to 2.330(3) A in 5.
Each of the two pyrazole to copper distances lengthen by approximately 0.03 A upon benzylation.
The changes that occur within the perchlorate series upon benzylation of the central amino nitrogen are less dramatic than within the nitrate series. W hen the overall geometries are (14) 0.2672 (7) (7) 0.052 (9) 0 .020( 6) 0.019(6) 0.042(8) 0.040(8) 0.032(7) 0.037(7) 0.027 (7) 0.016(6) 0.019(6) 0.044 (8) 0.025(6) 0.034 (7) 0.028(6) 0.032 (7) 0.026(6) 0.037 (7) 0 .022 ( 6) 0 .021 ( 6) 0.018(6) 0.037 (7) 0.037 (7) 0.053(9) 0.078 (7) 0.054 (9) compared, an increase in coordination number from 4 in 4 to 5 in both 6a,b is observed. It should be noted, however, that in 4 the perchlorate oxygen atom 0 (1 4 ) interacts weakly with the copper center. An interesting observation is also the ca. 0.1 A lengthening of the central amine N(3) to copper C u (l) bond when a benzyl group is present on N(3). Although slight differences are noted for the pyrazole nitrogen to copper bond lengths and angles, the overall geometries of complexes 4 and 6a,b are rather similar. Conductivity Measurements. Important differences in geometry in the series of complexes 3-6 are clearly reflected by the X-ray measurements. Since the structure of the complexes in solution is likely to be different from that in the solid state, conductivity measurements were carried out at various concentrations in acetonitrile solution. Chemistry, Vol. 34, No. 19, 1995 18 V for the rchlorate series). These numbers reflect the different electronáonating abilities of the ligand systems. Ligand system 1 is upected to be the most electron donating, and its copper mplexes are consequently the most difficult to reduce. The f-wave potentials also clearly reveal the influence of the rdinating nitrato group: the E\n shifts 0.11 V when nitrate substituted by perchlorate in the nonbenzylated series and 13 V when this anion is substituted in the benzylated series, omplexes 3, 4, and 6 behave as chemically and electrochemiy reversible systems. A slight deviation of the electrochemireversibility is noted for complex 5 where a value for the ak to peak separation of 72 mV is observed. A possible planation for this behavior may be that the reduction of Cu-) to Cu(I) in this complex is accompanied by a relatively Q W structural rearrangement of the ligands around the metal ter. As was shown by Sorrell,32 Cu(I) prefers a planar gement of the nitrogen donor atoms. In 5 this planar gement is absent. The larger peak separation observed for 72 mV) is in line with this structural rearrangement. Our rvation that the peak separation depends on the scan rate er supports this idea. Such a scan rate dependency was observed for 3, 4, and 6 . In the latter complexes, the cazóle ligands are occupying the basal positions, a situation a terred by the Cu(I) state. A rearrangement is thus not cted to take place. R. The powder EPR spectra of complexes 3 -6 were tied at 7 K. Compounds 3 and 6 displayed rhombic spectra which three distinct g values could be derived (Table 11 ), e*pected on the basis of the low symmetry observed in the tol structures. The fact that the lowest g-value for 3 and 6 ^.03 indicates that these complexes have a compressed bic site (cf. C u -ligand distances, Tables 2 and 8 ) with a ?ound state.37 From the EPR spectrum of 4 no distinct g es could be calculated. The spectrum is isotropic due to i^ange broadening probably caused by misalignment of the cules in the crystal packing.3S The spectrum of 6 is nearly °pic. The long-range order in the crystals of this comds is such that the axes of the molecules are aligned in an Parallel fashion.
,va' 
Discussion
The data presented under Results indicate that the introduction of a substituent on the amino nitrogen of the pyrazole ligand system and a change in the counterion can influence the geometry and half-wave potential of the copper complexes. The most pronounced transformation takes place in the nitrate series, where the amino nitrogen moves to an apical position when a benzyl group is introduced. In this case, various bond lengths increase, the most important one being the 0.3 A lengthening of the Cu(II)-amine bond. It is known from the literature39 that the introduction of bulky groups in the ligand stabilizes Cu(I) over Cu(EI). It results in a more hydrophobic environment, raising the half-wave potential and stabilizing Cu(I). Further more, the electrochemical trend observed parallels the generally accepted notion that the incorporation of an electron-withdrawing group (e.g. benzyl) on the amine nitrogen reduces the elec tron density on this atom .34 This is reflected in the higher re duction potential measured for complex 5 as compared to com plex 3. A similar increase in bond lengths on the introduction of a substituent is observed in the perchlorate series albeit to a lesser extent. With both anions, the introduction of the benzyl substituents leads to a lengthening of the Cu(II) amine bond and an increase in reduction potential (compare 4 and 6 , Table   10 ).
Conductivity measurements and IR data indicate that in acetonitrile solution one of the nitrato groups of 3 and 5 dissociates, rendering 1:1 electrolytes. The perchlorate com plexes 4 and 6 on the other hand form 2:1 electrolytes in this solvent. The nitrate group that remains coordinated to the copper center in complexes 3 and 5 modifies the redox potential resulting in a 0.12 V less positive half-wave potential for the Cu(II)/Cu(I) couple in the nitrate series as compared to the perchlorate series.
In a previous publication we reported that certain crown ether-pyrazole copper(II) complexes (e.g. 7, Chart 2) undergo reduction in alcoholic solvents even in the presence of oxygen.15 More recently, we have shown that the bis(pyrazole)copper complexes can be incorporated in a diphenylglycoluril cavitand, resulting in a selective rate enhancement of the reduction for alcoholic substrates that are bound in the cavitand.40 These complexes have a xylene group attached to the amino nitrogen atom of the ligand set instead of the benzyl group reported here. The electronic effect of the two groups is expected to be the same. This is confirmed by cyclic voltammetry measurements which indicate that the half-wave potential of complex 6 is similar to those of the dinuclear bis(pyrazole) crown ether complex 7 ( £ 1/2( 1) = 0.29 V and E\n{2) = 0.32 V) and to that of a mononuclear congener of 7 ( £ 1/2 = 0.29 V ) . 15 A mechanism for the chemical reduction reaction was proposed, 15 involving the coordination of a solvent molecule, viz. methanol, to one of the Cu(II) centers. In a subsequent fast reaction this solvent molecule bridges between the two coppers. Finally, transfer of electrons to the Cu(II) centers is proposed to occur and the methanol molecule is oxidized to formaldehyde. This mechanism is supported by conclusions that can be drawn from the results presented here. First of all, coordination of an alcohol molecule to the Cu(II) centers is very likely in view of the X-ray structures of complexes 4 and 6 a,b. Second, our results show that the introduction of a substituent on the amino nitrogen of the ligand changes the redox properties of the complex. Third, Sorrell has reported the X-ray structure of a dinuclear Cu(I) complex of a ligand system related to 2 (see Table 12 ).32 This ligand system adopts a configuration around the Cu(I) centers that is similar to the one present in Cu(II) complex 6 .
Comparison of the bond lengths and angles in 6 a,b with those in Sorrell's dinuclear Cu(I) com plex32 (see Table 12 ) reveals that the pyrazole nitrogen to copper distances in the former complexes are only slightly longer than the corresponding distances in the latter complexes. The central amine to copper distance is comparable for all three complexes. Furthermore, 6 a,b and Sorrell's complex have the same planar configuration of the coordinating nitrogen atoms around copper. We m¡ therefore conclude that our Cu(II) complexes have the corn geometry required for the stabilization of a Cu(I) center. Th$ feature in combination with the highly positive £ 1/2 for 6 rtiT be the origin of the observed easy reduction of the copperd centers in 7. Complexes of type 6 and 7 can be regarded models for the entatic state41 of metalloproteins. In this the metal ion is poised for electron transfer or for catalytic actii in the absence of a substrate. For 7 this action is the accept; of electrons with the concomitant oxidation of a meth; molecule. It has been reported in the literature that certain complexes of unsubstituted pyrazole-based ligand systems a relatively high stability toward dioxygen in aprotic solvents.14 Our study provides an explanation for this. In view of the type of anion (PF6~, BF4-) for copper and the substituent on the central amine nitrogen (xylene) used in these studies,14 the situation is comparable with that for complex 6 (CIO4' counterion, benzyl substituent). The reaction of a dinuclear Cu-(I) complex with dioxygen can be seen as an one-elec oxidation of each of the copper ions. The positive re potential of the Cu(II)/Cu(I) couple found for comple indicates that a reaction of the Cu(I) complex with dioxy will be difficult or even prohibited. In other reported pyr ligand systems an extra phenolic oxygen atom is prese Copper(I) complexes of these ligands do have a high affi for dioxygen. This behavior can also be explained with thf results presented here. Oxygen atoms coordinating to the co ppei center lower the £ 1/2 of the Cu(II)/Cu(I) couple (see Tableó complexes with coordinating N O 3-groups). In this way thf Cu(I) state will be destabilized and electron transfer to dioxy will be favored. . . ¿ fife s
